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By E. Willlam Conrad and C a r l  E. Camgbe'U 

SmMEE 

An investigaticm waa conduct& in the RACA Lewis a l t i tude  wind tun- 
nel t o  develop an merburner  producing the hlgheet  possible exZlauet - 
gaa temperatures and having suitable  operatianal.  characterietim . Ih 
order to meet the requirements of mili tary drplapes, maximum effort wa8 
concentrated on operation et near-stoichiometric  fueL-air ratios. Most 
of the data were obtained at a naminal burner-inlet  pressure of 
2450 p o w  per sqUare -foot; however, additfonal  data were obtained at 
a nominal pressure leael of 925 pounb  per s q w e  foot. 

By t h e  use of adequate f lme-ho lb r  blockage, long fuel-mixing 
lengthe, and low burner-inlet  velocitiee, and by careful matching of the 
fuel-in jectfon  pattern to the gae-f low pattern, performance agproajling 
theoretical  values wa8 obtained w i t h  rou r  series of burners h a m  dFf- 
ferent diffuser inner-cone configurations. For -le, at the design - 
burner-inlet  preesure level of 2450  pounds per  square fog t ,  the m~hximum 
dlamt-gas temperature obtain& wa6 3W0° R aa cojnpared w i t h  a theoret- 
ical maximum of slightly over 4000O R. Similarly, afterburner canbustion 
efficiencies of at least 95 p&cent w e r e  obtafned near maximum operating 
Oondftiom. Canibustion inetabi l i ty  was encountered in  several  confi@;ur- 
atione; however, these  difficiulties were  overcome by careful attmticm 
t o  f lame-holder design and to aercdynmic  desigua of the, Ciffurser .' 

Perforsnasce wae obtained at a pressure level of 2450 pounds per 
square foot  &solute using MIL-F-5572,  Ma-F-5616, and MIL-F-5624 fuels. 
These fuels d l  gave almost identical  performance results. The effect8 
of two ceramic coatings on &erburner ehe l l  .t;a.persture mre also 
studied. The resul ts  of one coating, Uvmite, were inconclwive; how- 
ever, a reduction in  she l l  teqperature of about 100' F wa8 obtalned with 
a coat ing formed by ehe w e  of 4-peroent ethyl s i l i c a t e  i n  the after- 
burner fuel. . . .  

. .  



of obtain- high  exhawt-gas temperatures and, consequently, maxirum 
tbrust augnentation wa- c m r a e d   t o  sane extent in ord-er t o  alleviate 
the problem of af ' tscbmer  shell  oooling. Beoause both  cooling tech- 
niquee used, (1) tail-pipe  fuel  rrtratification and (2)  the w e  of 8 cool- 
ing liner, made some of the ga6eg in $he tail p i p e  unavailable f o r  the 
burning of additional fuel, the maximum man bulk-&haii&--m tampera- 
tures were  about 3700' R . The trans it ion i n  airoraf t  desiga from eub- 
sonic t o  suparsonic flight regimes, i n  respome to   mi l i t a ry  ne&, 
requires that the thrust potent ia l i t ies  of the &erburner be fully 
exploited. 'Phe primary objective of the investigation  reported  hereh 
waa therefore the attainment of mlmum exhaust-gas. temperature and thrust. 
In order  to avoid the comgr-e on maximum efhauat-w  tanperatme 
lnrposed by the cooling  techniques  pre.viously, used, a .secondary flow of 
cooling 8- waa provided .mound the   a f taburner  shell. Considerable 
e f for t  was expended. in solving  problem of ccmibustion inatabil i ty.  A 
brief study of shell.  cooling by means of ceramic  -coatLngi was also 
conducted. 

. .  

The investigation was cmducted with a full-scale axial-flmr turbo- 
jet engine and an afterburner shell having dSme-iollEI oonsiatent w i t h  
the space r e q u i r a m t s  of s ~ r e - o n i c - r e s e a r o h ~ a i r p l s e e . "  Al thoua  the- 
s h e l l  dimsnsiona influenced same of the desi@ compramisea made, the 
methods wed and the information  obtained are neverthelee8  generally 
applicable. In all, over 40. c d i g u r a t i o n s  were studied. These c e i g -  
uratfons camprised numerous fuel-injection  patterne in conjunction w i t h  
fou r  different diffusers and .eight d i f f  m e t  f 1- holders. Data were 
obtained f o r  most configuratiom at a nmlnal  tail-pipe .preesure o f  abbiit 
24.50 poundfl per square foot  . Several of  the more pmmieing configura- 
tions were also operated at a burner-inlet pressure level  of about - 

925 pounds per spume f o o t .  Beoauee of the objective of obtaining  hi&- 
exhaust-gas tmeratures, mst of the data were  obtained a t  afterburner 
fuel-air   ratios from about 0.05 t o  0.09. A few.configuratiom, however, 
were also operated at much lower fuel-air   ratios.  

In  order to  obtain high efficiency at high fuel- ratios,  very 
preoiee  tailoring of ~e fuel-pat tarn wa8 required t o  obtain a uniform 
mixture over the  entire  crms  eection of the afterburner.. The problem 
of obtaining maximum temperature waa d o  f a c i u t a t e d  -by the relatively 
low burner-inlet  velocity of about 400 feet per second. Such low veloc- 
ities, however, tend t o  aggravate combustion s tabi l i ty   diff icul t iee .  
'phree approaches t o  the s t ab i l i t y  problem were Investigated: (1) the use 
of good aerodynamic design i n  the diffueer section t o  ellminate regionrj 
of flow separation, (2 )  the  w e  of high velocitieer i n  the diffuser  aec- 
t i o n   t o  prevent flame propagatlon  wetream of the flame holder, and (3) 
the use of flame  holders deeigned t o  reduce the volume d- ccrmbustible 
regions wkich detonate under ceartaie  conditione of fue l -a i r   ra t io ,  prea- 
sure, and temperature. 
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The J34-WE-30 engine wed ' i n  this investigation hae a sea-level 
static-thrust   rating of' 3150 pound8 eFt; a tWIne-out le t  tmperature of 
about E@ F and a rated engine  speed of 12,500 rpm. A t  this condi- 
tion,  the air flow i 6  about 58 pomuls per second. The engine ha6 an 

rated conditione, a doable-annulue O c a z i b u s t O r ,  a& a two-etage turbine. 
N ll-stage axial-flow c m r e a s o r  wlth a pressure  ratio of about 4.0 at s. 
F 

lhets l la t ion 
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'phe engine was mounted on a wing section that spanned the m-foot- 
diameter test section of the al t i tude wid tunnel  (fig. 1). w e  
inlet-air  pressures corresponding to  altitude flight conditione were . 
obtalned by introducing dry refrigerated air  frcan the tunnel make-up 
air system thr- a duct t o  the engine Inlet. A s l i p  joint  w i t h  a 
fr ic t ionless  seal wag wed i n  the duct, thereby ma;kfng pOE8ible the 
meaeuresient of thrust and inetallation drag with the tunnel scales. Air 
w a ~  throttled f'ram approximately sea-level pressure at the engine inlet, 
while the static preesure i n  tihe tunnel test section wae maintgined t o  
C O Y T ~ S ~ O ~ ~  t o  t he  desired altitude. In order t o  ~. lmnlify the inetalla- 
tion, no cawl'ing was inetalled. Cooling air  was supplied t o  a splroud 
around the  afterliurner by m e a n e '  of a duct through the trunion and the 
nlng. The coolhg  air was thrott led fram atsrospheric  oonditione t o  reg- 
ulate  the cooling mass flaw. no attempt was made t o  correlate  ei ther 
the pressure o r  temperature of the oooling air with the engine operating 
condition or  flight condition. 

Ins trumsntat ion 

Instrumentation f o r  measuring pressures and temperatures wae i n s t a l l -  
ed at several  stations throughout the engine and afterburner as indi- . 
cated in figure 2. Air. flow WEIS determined f 'xm measurements of pressure 
and terQerature at s ta t ion 1 in t he  make-up a i r  duot. A ccrmprehemive 
pressure and temperature survey wae obtalrked at the turbine  outlet, 
s ta t ion 5. D i f f u s e r  pressure lmeea f o r  the ser1es-C configurations were 
determined by a single rake of .8 total-pressure  tubes at etation 6 .  
T o t a l  and stgtic pressure6 2 Lnches upstream of the exhaust-nozzle outlet 
were  mea~ured by meam of a mter-cooled survey rhke which was mounted 
EO that the rake drag could be masured by a pneumatic capsule. 

Afterburner shell temperatures were obtained w i t h  from 10 t o  16  
thermocouples welded  into the skin a few inches upstream of the exhaust- 
nozzle in le t .  Cooling-air temperatures -re obtained from 3 thermocouples 
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in each plenum chaniber. The spnbole and t he  methode of calculation wed 
i n  this report are  given i n  the appe.dix. 

r 

.- t - 
.. 

Afterburner Shell . .  I " 

Detailed. dimeneiona of the  afterburner &ell  and the  cooling shroud 
used throughout the inyes$igation. are g i v e n o n .  the o_mss-sectionaL sketch 
of figure 3. me assembly consisted of four secticms : (1) a diffuser 
section 24 inches h g ,  tapering from an inlet diameter of 2 1  incheB t o  
an OUtlet dlamster of 2% inches; (2) a cylindrical  section 23 Inches Long 
used f o r  diffusibn o r   t o  provide -fuel-nIxing length; (3) a combwtion 
chaniber Kith an mer-all length of 61 inches which  ccanprised EL cylindri- 
oal section 33 inches in  length  followed by a 28-inch-long section Kith 
an outlet  diamater of 21 inchee; a d  (4)  a water-cooled conical  nozzle 
section 4.67 laches in length w i t h  an outlet diameter ZO& inches. 

Most of the combustion-chamber length w m  eurmunded  by a shroud t 
which prodded a unlform 1/2-inch paesage height f o r  the cooling air. 
Plmm chmibers were provided a t  both ends of the shroud t o  permit the 
w e  of efther parallel-f low or  counter-f low cooling. Except for a few 
runs, counter-flow  cooling was uad thro@out the program. The cooling 
a i r  entered and was discharged from the inatctllation in  a radial direc- 
t ion  to  el iminate any c o n t r l b u t h   t o   t h e  thruElt memured by the tunnel 
scale system. 

. .  

- 

.. . . 

. .  

4 

As mentioned previouely, 50th the approximate diameter and length 
of the .burner shell were determined by the epaoe  requirements of typical 
supersonic  reeearch atrplanes. The average value of Burner-Inlet velo- 
c i ty  W~B, of course, fixed by this  specification .of the burner  diamater. 
The axial position of t h e  flame holder was chosen on the b a s i s  of pre- 
 low experience  (reference 4, f o r  example) t o  p e d t  the Imgest burn- 
ing length f w i b l e  without imposing %due cooling problem in t he  f l i gh t  
b t a l h t i o n .  The many configurations a m  grouped into four series, aa 
sham in   f igure 4, on t he  basis of the  type of diffueer inner cone. For 
m e  f t m t  t h r e e  series, t h e  flame holder w a ~  looated 64 inchee upstream 
of the exhawt-nozzle  outlet &B shown by the broken line. For the 
fourth series,  the flame holder waa located a few inahes farther uptrem. w. 

. . " 

.. 

In eeriea A configurations (fig. 4), the diffuser innq cone . m p -  
p l i ed  by the engine manufacturer was used in order t o  minimize delay i n  
production in t h e  event that eatiefactory performance results could be 

4 
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obtained. Because of the relatively blunt &ape of the production inner 
cone, 'flaw separation fram the  surface rn anticipated. Such separation 
is undesirable from coneideratiom of canibustirm s t ab i l i t y ,  BB discuesed 
in  a later section, and a h o  from a performance viewpoint; ' In an e f f o r t  
t o  reduce o r  t o  eliminate anticipated flow sepasatian, a row of vortex 
generators  (reference 5) w m  therefore used on the production  difTuser 
inner cone in the B-series  configurations. AB a further  effort  t o  -rove 
velocity  diBtributfan and preseure  recovery i n  the diffuser, another 
inner cone waa constructed t o  reduce t h e  r a t e  of diffueion. !Chis inner 
cone, used with series4 configurations, wa8 a b 0  provided with vortex 
generators  #rou&out moet of the investigation. - The v o r t a  generatom 
used wfth ser ies  B and C comprbed 18 e-trical noncardbered m o i l s  
of' 1/2-inch span and 2-imh c h o d  . A8 shown by the eketch of figure 5, 
the a i r f o i l s  were staggered  alternately at an angle of l3O t o   t h e  flow 
direction. Series-D  configurations, whfch were coneidered an alternate 
solut ion  to  t he  ins tab i l i ty  problem, were desi@@ on the theory that no 
flash back would qccur if boundary velocFties were maintained at level 
sufficiently high t o  prevent burning near the  diffuser inner cone; this 
waa accomplished by uaing ve.q l i k t l e  difpua ion upstream of the flame 
seat t o  keep the mean vel ic i ty  high and t o  amid  separation. A step- .  
type  fhme-seat area waa constructed on the  diffuser .inner cone t o  pro- 
vide a stable  f lame at the location f mkhest upstream where burning w88 
likely t o  occur. 

In a l l  configurations, the fuel waa injected 88 f &r upstream of the 
flame holder aa appeared f eafble  . t o  permit the maximum time for =el . 

mixing and evaporatim. For series A, By and C the  fuel was i n  jectd at 
or  very near the  dametream end of the diffuser m e r  cone t o  prevent the 
occurrence of conibustible  mixtures in possible regions of separation on 
the inner mne. For ser ies  D, the farkheet upstream location  possible 
for fuel   in ject ion v w  IfmftetL by t h e  location of thS instnunentation at 
the turbine, outlet .  The plan6 of fuel injection ueed wlth ea& eeries 
is indicated in f igme 4.  

The fuel systam was BO designed that oonfigurations, comprising 
different  patterns of fuel in jectian  orifioes,  could be selected 
remotely. Selection was made possible by me of two se t s  of i2 radial 
spray barn, each- w-itli a different fuel-epray pattern, that could be 
wed independently o r  eiTailtasleomly. Thus,three fuel-spray  patterns 
were obtainable  for any one inetallation. The spray bars were  conetruc- 
ted of' 5/16-inch Inconel  tubing  flattened  to a thickness of about 
1/8 inch. Holes varyfng in s i z e  fram 0 016 tc! 0.040 inch were dr i l led  
in the flat sides of t h e  spray bars thus ejecting fuel normal t o  direc- 
t ion of flow. The fuel-dlstrfbution  patterm which gave optimum 
performance for each of the four series of configurations are given in 
figure 6. The shade areas &am represent areaa occupied by the dif - 
fuser inner cone. 
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Five flame hold- were. u S i 5 a '  in corYjlznction vith serf- A, By and 
C . Detail8 of these flame holders a m  given in figure 7. Flams holders .. 
1 and 2 were  of more or  less conventional design; however, corrugations 
were  wed on the gutter of -f Lame holder 1 t o  *creme the flame seat 
perimeter. The gutters of f lam6 holder 2 were oonstructed with the 
outer s ide parallel t o  the cambustion-chamber w a l l  in accordance with 8 
observations made elsmhere that  such a gutter shape has a bend io ia l  
effect on shell temperatures. Flame holders 3, 4, and 5 were designed 
t o  *rove ucmbuetion s tab i l i ty .  The s t ab i l i t y  considerations  involved 
w i l l  be discussed in a later section. 

" - 
N 

P 
. . .  

. .  .. . - 

!The three f lame-seat canfigurations shuwn i n  figure 8 were ueed with 
ser ies  D.  In order t o  ellmirmte  overheating of the junoture between the 
step on the inner cone and the center  pilot, the inner oone of flame 
holder 6 was shortened t o  form flame holder 7. In an effort t o  m o v e  
performance at l m r  pressure levels, additional blockage, i n  the form 
of radial  struts, was added t o  form flams holder 8 .  

. - " 

A device called a temperature ladder was wed t o  determine t h e  uni- 
formity of the exhwt-gas temperature.  This  device (f ig .  9 )  comprised 
a 1/2-inch  water-cooled Inconel tube  spanning the d i m t a r  of the cam- 
bustion chamber about 1 foot upstream &.the axhaust-nozzle outlet. 
Pieces of 1/8-inch-diameter welding ma of M l f o r m  length mre   bu t t -  
welded t o  the tube at epacings of about 1 inch. When i n  we,  the  tube 
wa.a so mounted that one end btir Waa about 1/4 inah f r a m  the wall and the 
other end bar vas a few inchee across the burner  canter line. mal tem- 
perature profiles.were  apparent by visual camparison of the color vaxia- 
t i o m  of the rads during afterburner operation. .These observed. tampera- 
ture  .variatione were . u s e d  t o  guide modificatloner t o  the f uel-injection 
pattern 

v 

Engine and afterburner f u e l  flm were  measured by calibrated rotam- 
eters. The f u e l  used i n  the engine was clear gas, MIL.-F-5572 (AN-F-4go). 
The afterburner  fuel used during most of the running was Mn;-F-5616 
(AN-F-32), w h i c h  had a lower heating value of Us67O B t u .  per pound. A . 
feu camparative were made using clew; gaa, MIL-F-5572 (m-F-48b) 
and MIL-F-5624 (M-F-55) in the afterburner. 

. - .. 

.. 

. . " " 

Proc-edure . . . . . . . . . . .   . .  . .. - _ .  



temperature  varied  with the amount of' burn- BO that the values givm 
herein are averages. For any given  afterburner fuel-air ra t io ,  the 
turbine-outlet  conditions with the four diffuser configuratione  discussed 
in   de t a i l  were about equal inasmuch as conibustion efficiencies were  
almost equal. Mo& of *e data. were obtained. near the maximum after- 
burning  condition  inasmch as the  objective of the study was the  attain- 
ment of - high exhaust-gas tenperaturea . 

With each diff'wer inner oone and flame-holder  configuration, a 
series of cosfiguratione camprised of changea in radial fuel die t r i tu -  
t ion were studied. The firat distribution was baaed on either the 
velocity  profile of the ~EEI obtained in   t he  -user during an eaxlier 
investigation, o r  on the refnzlts  obtained on the previous  configuratione 
i n  the fnvestigaticm reported herein. AlmoIst invariably  the f irst  e s t i -  
mated distribution w a ~  not opthum  became changes i n  the shape of either 
the inner cone o r  the flame holder  influenced the -8-f low distribution 
a t  the dif'fueer outlet. Ohemation8 of the  tkmperatuke ladder showed 
the radial locatiom at which the e a u t  gas was relative-  cool. By 
obsemt ion  of the change in temgerature of these strata as the  over-all 
fuel-air  ratfo waa changed, it wea d e t d n e d  whether these s t r a t a  were 
excessively  rich o r  lean, a d  t h e  fuel-injection  pattern was altered 
accordingly. The use of this technique made poseible the attainment of 
a practical, optimum radial db t r ibu t ion  fn four o r  f ive  attFyrmt8. Daily 
checks were made on the relative  perfomance of each configuration t o  
confirp  the performanoe trends indicated by the tmgerature ladder asd 
a lso  to   indicate  the point of diminishing return i n  . a n y  l ine  of develop- 
ment. 

As mentioned in the -Ion, a large nmber of configurations 
were obtained by variations in  the diffueer- inner cone, the  flame holder, 
or the fuel-injection  pattern. Beoauee the objective of the inveatiga- 
t ion WBB the attainmsnt of maximum exhaust-gas tanperatme, perforplance 
results are shown only for the best canibination & fuel pattern and flame 
holder f o r  each of the four series of' configurations. Therefore, unless 
otherwBe noted, o o n f i g u r a t i e  denoted by t h e  leetera A t o  D will denote 
the optimum conibinaticw of fuel   pat tern and flame holder  in the series 
indicated. It should be nded that f o r  operation w i t h  the udf'orm fuel- 
air-ratio dis$ribution used during this study,  the  variations in flame- 
holder design had little effect on performance; the effects  on canbustion 
s t ab i l i t y  were,  however, Fmportant and, aa will be disoussed, resulted 
in unsatisfactory  operational  characteristics  for two af the four series. 
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Combustion. - The combustton performance of the various configura- 
tions is considered i n  tame of the mean bulk mhawt-gaa  temgerature 
and the cambustion efficiency.  Tail-pipe oambuetion efficiency 5s . 
defined aa the r a t io  of the actual enthalpy rim t o  t he  enthalpy rise 
thearetically pOSSible. The numerator may be obtained xf thin experfmen- 
tal accuracy by use of the equa*iom given i n  the appendix aad the  
measured values of scale thrust, turbine-outlet temperature, and to t& 
pressure at the exhaust-nozzle outlet. For the fuel wed, the merrimum 
exhaust-gas temperature theoretfcally  available without dissociation b 
about 4250' R, and the maximum value including  dieeocfation based on t h e  
data of reference 6 is slightly o n r  400O0 R. Becauee of the state 
change of We gases in expanding through the exhaust nozzle, the. chemi- 
ca l  'equilibrium ie changed and a m  OP tkbe energy made unavailable by 
dissociation Ls recovered and pi.oduces thrust. Hence, the t r u e  theo- 
r e t i ca l  temperatwe lies samewhere between the tX0 valuea . Determination 
of the exact value, howeww, is laborious and is marrranted for the 
purposes of thb pap&. CambuEItian efficiencies preeented herein are 
therefore  baed on a theoretical temperature that inoludes dissociatian. 
Thirs value,  obtained by the we.& reference 6, m ~ h y  therefore be sl ight ly  
high. Tbis e r ro r  in. the  direction of high combwtian d f  iciency is, how- 
ever, balanced somewhat by the amission of a heat lose t o  the cooling 
a i r  which would raiee the combuetion efficiency 1 or 2 percent. 

Results  obtainsd far ser ies  A a ~ e  given i n  f i w . e . 1 0  where map bltLh 
exhawt-gas  tamperatwe and afterburner  cmbw%lon  efficiency axe ahown 
as functions of afterburner  fuel-air  ratio. A t  a nominal burner-inlet 
pressure level .of 2450 pounds per square -foot absolute, t he  numimum 
exhaust-gaa temperature  obtained WBB about 3880° R. A t  this operating 
condition. t h e  afterburner  fuel-air  ratio was about 0.07 and the after- 
burner ccmbustion efficiency was about 0.97, wblch XBB very near the 
peak effici-enw  obtalned. A t  the lower preaaure level of 925 pounder per  
square f o o t  almolute, the maximum values of' axheLust-gaa temperature and 
&tarburner  ombustion eff iciencg w e r e  reduod t o  3500° R and 0.87, 
respectively. 

. .  . "  

The results for the best  coafigura$ion of' series B are preeented in 
figure 51. A t  a preasure .level' of 2450 PO- per square f o o t  absolute, 
both the maximum exhawk-gas  temperature and the -p& afterburner o m -  
b m t i a  efficiency were the 8- 88 f o r  ElWieB A. 'phe perfonaance & 
series B detarioraked somewhat more w i t h  increased a l t i tude  .than ser ies  A 
with  the result that  the peak exhaust-gas taurperature,xaf! .reducedl t o  
33800 R at the h e r  pressure lave1 of 925 PO- per s g u m  foot abso- 
lute, and the  peak cambustion efficiency w88 reduced t o  about 0.84. 

Results  obtained w i t h  series C are presented in figure 12 f o r  oper- 
ation a t  a pressure l eve l  of 2450 pounds per s q m e  foot?. Within the 

r .  
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range of experimsneal  accuracy, the peak values of exhaust-gas  taupera- 
ture asd aft@nmner cortibuetion efficiency were  again about the G a m s  88 
the values obtained fo r   s e r i e s  A and 3. 

I 

Data m e  presented .a figure 13 t o  show the combustion performance 
obtained  with  series D. At the higher pressure level, the maximum 
exhaust-gaa temperature obtained was 3900’ R. Maximum afterburner cam- - 
bustian  efficiency was about 0.98. A t  the  lower pressure level, the  
maximum exhaust-gas t ape ra tu re  wae 3620’ R and t h e  peak a9terburner 
cambudion ef fb iency  was about (5.91. 

- 

Lu * 
N 
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The combustion performance Cce the four  seriea fs compared in   f i g -  
ure 14 f o r  operation at a pressure level of 2450 pounda per square foot 
absolute.  Despite the w-idely divergent  flame-holder,  diffueer, and fuel- 
pattern  designa used, the opthum performance obtained w a s  different by 
only a few percent. This result 5~ not  surprising haemuah 88 adequate 
flame-holder  blockage, long fuel-mixing lenghhs, and low burner-inlet 
velocities were incorporated fn a l l  t h e   s e r i w  and the  fuel-injection 
pattern waa optimized. It may therefore be concluded that for  operation 
at a pressure level of about 1 atmosphere, c d b w t i o n  performance is 
primarily dependent on optimum matching ,of the fuel-injection  pattern 
and. the  air-f”disfxibution  pattern. The maxfmum theoretical  tempera- 
ture  c m e  h m  been superiqpoeed on f igme 14 t o  indicate the lmgnitude- 
of possible  future iaprovements. A t  a pressure level of 925 p o d s  per 
square  foot  abeolute, however, optimization of the fuel pattern waa not 
the entire a m w e r .  AB i l lus t ra ted  by figure 15, changes i n  diffuser and 
flame-holder geometry produced an appreciable  difference  in perform&nce 
despite  optimization .of the fuel-injection  pattern. This is i n  a ~ c o r d  
w i t h  the data of reference 4, where it is shown that variatians in fm- 
holder %locked  &ea o r  canibw-tion-chamber length became of increaeing 
importance ae the al t i tude was increased (or  pressure level  reduced). 

Pressure-loss charaoteristics. - It. will be r e a l i z e d ,  of course, 
that   the  paramete;rs of e&mc3%-gas tanq?erature and e te rburner  ccanbua- 
t ion efficiency which were chosen to  present ehe canibwtim performance 
are not  directly traselatab’le into thnmt and s p e c i f i c   f u e l   c o m m t i o n  
witbout  caneideration of the pressure losses in  the afterburner. The 
pressure-loss characterietics for t&e four basic series of afterburnera 
are-given in  figure 16(a) ?here the total-pressuke drop from the turbine 
out le t   to  the exhaust-nozzle outlet ,  expressed ae percentage of the 
hrpmt pressure at the turbine  outlet, 1s s h m  a8 a function of the 
afterburner  fuel-air   ratio.  Over the ent i re   fuel-air-rat io  range, the 
mxxirmrm pressure-Loas factor. @/q, obtained  wlth  series D, waa about- 
0.2 greater than the minimum value obtahed w i t h  peries C . The effect  
of these  pressure-loss  chmacterietics OIL thrust casnot be shown br a 
direct  camparison of thrust  o w e s  becauee the data of aeries C in par- 
ticulsrr w& affected by a slight deterioration in baqic  engine perfom- 
mce. The physical  significance of these  pressure losses l a  given, 
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however, -In figure 16(b) where augmented net-@ruat ratio l e  presented 
a8 a  function of the afterburner preseure-lose coefficient for operation 
at an  a l t i tude of 25,000 feet  &.a f l i gh t  Mach zlumber of 0.92. Eram 
the data of. figures 14 and 16 it. mag be concluded that the thrust obtained 
from each af the four  series XBB about the s m . .  at the high-preeeure level, 
inzmmuch aa the differences i n  pressure drop were not large and the Mgher 
pressure  drop for series D va~l balaqc.ed by a higher exhaet.-gas temperature. 

The constancy of the pressure-drop-coefficiat data of figure 16(a) 
is d i f f i cu l t  to  explain  in view of the increase i n  mamentun pressure 
loss which accmanies  m y  increme  in  the amount nf: heat added t o   t h e  
gases. In the .cambustion procegs. In  vfew . o f  the. . lqge amount of data 
(mt af which are not  presented) which eh& th i s  trend, -it can 0ril.y be 
concluded that the f r i c t i a n  pressure drop decremes ae the afterburner 
fuel-air  r a t i o  in~rease~. A possible axj?l+ation. for such behavior might 
be the  reduction af flow separatfon in  the diffuser accompanying ~ z 1  
increme in  flow resistance .at the diffwer  outlet-. . 

.. . 

. " .  .. . 

COXlEllmption are ahown in  figure 17 for a eeries-D  .configuration  operating 
at an a l t i t t d e  of 25,000 feet a t  a fli&t Ma&-nrwber- of. 0.92, super- 
Fmpoaed are theoretioal o m 8 8  which show t h e  pezTormmce possible Ff 
friction  preesure loeses were reamed  to zero and afterburner conibu&icii 
efficiency was 1.00. The data show t h e  actual maximum thruiElt t o  be 
91 percent of the theoretical maxhnm; however, not, a l l  of the 9 percent 
difference may be recowred inasmujh aa the f r i c t ion  preesure drop can- 
not be reduced t o  zero. The extent t o  which the  specific-fuel-consumption 
margin may be reduced by improvwnents i n  cmb=ti% efficiency is indi- 
cated by the earlier f igures . It should  be noted that momentum pressure 
losses were retained  .in the. t h e m t i c q l .  c&c$-at&ons inasmuch ae such 
losee8 cannot be greatly rduced  with  burnere..&  practical. dimenfii5m. 

- . . .. - . - . . . 

. .  

Effect of vortex generators. - As shown by the data of figure 16(a), 
t he  inatallation of v o ~ s x  generators  (canfiguration B) on the  production 
diffuser inner cone (configuration A ) ' ~ ~ ~ o l l l i t x h & ~  -inci?e&ed.= ~ ~ o % K d l .  " 
preersure  LOSE^. On the other-hand, the irmtalSation af vortex generatom 
on the inner cone of -8eriee C reduced the preseure loa& In the dlffueer 
about 45 percent. It therefare .appease that y&ex generators are  help-  
ful in reducing p r e e s p  1osees .In marghal meas but also that they are 
not a subetitute f o r .  a e r m c  dtf+&& & a m . .  

.~ 

The instal la t ion of vortex generators oq both  the  production inner 
cone and the inner cone o f .  seriw C caused a change in  the air-flow dig- 
tribution of sufficfent  magnitde that changes i n  the fuel-injection 
patterrr -re required t o  again  obtain opt-' performance. llhe effect 
on diffueer-outlet  velocity of vortex generators w i t h  the eeriefl c inner 
cone is sham in figure 18. The maximum velcmity . .  X ~ E I  reduced about 

f 

. .. . .  

4 

"" . .  

i 
. " 
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100 f e e t  per  second and d o  the velocity near the dmmer Fnner c&e 
was increased from 0 t o  about 300 feet per second. Rot only are  -t;he 
conditions for cmibuetion improved. by the. reduction in peak velocity, 
but aJ.80 the tendency fo r   f l a sh  back near the inner cone is reduced by 
e lh ina t ion  of the very  low-velocity  region. 

Hf ect of fuels. - A small amount of data WBB obtained with two of 
the  series C configurations at a pressure level of 2450 pounds per 

c3 
tp square foot  abeolyte  to determine the performance obtainable  xith three 
N diff emnt fue ls .  Data are s h m  for one configuration i n  figure 19( a), 
f" 

where performance of MIL-IF-5572 and MIL-F-5616 fueb ie oompared. SSm- 
ilar data are shown f o r  another  configuration in figure 19@) f o r  oper- 
ation wlth MIL-F-5616 and MIL-F-5624 f'ueb. From these data, it appears 
tha t  f o r  fuel-mixing lengt;he of abaut 24 Inches, burner performance i~ 
pract ical ly   ident ical   for  the -€&re8 fuele teated. AB noted in refer-  
mce 7, however, the ef'f&tS of -fie1 vo la t i l l t g  are appreciable when 
fuel-mixing lengthe on the order of 8 inohes axe used. 

Operational  Characteriertics 

4' 

f 

Cambustion instabi l i ty .  - Over a period of several years, nunmom 
investigations of a9terburners have been cmdupted at the EACA Lmcb 
laboratory and eeveral hundred configurations have been studied. In 
these  investigati.one,  cambustim  inatability ocourred mmeroua times. 
Experience indicates that cambustion inetabl l i ty  may be claesifi&d in 
t h r e e  groupe, on the baa ie of frequency. Thee e groups me identified 
by the names, rumble, buzz, o r  screech, depending on the frequency and 
magn1td.e ~f -the aesociated pressure pukes.  m e  circumstances 
which these forms of ins tab i l i ty  are encountered and the measures used 

. t o  prevent their occurrence w i l l  be discwsed in  the follawing paragra;phs. 

The t n . e  of ccanbu8tion inatabi l l ty   referred  to  aa rumble is usually 
oaused by e x p l O f l i 0 m  of Large packet8 of cambuetible mixture. This  
violent fmtab i l i t y  usually occura a t  frequencies of lees thas one t o  a 
few cycles per  second, and generally O C G ~  only f o r  a few cycle8 at 
ignition of +he burner or  near ei ther  rich -or lean blow-out. Win@; 
starts, observations thro- WlndOKB in  the burner shell  indicated that 
the runible is due t o  f lash  baok into the fuel-mixing zone upstream of 
the flame holder; near the blow-out 1imI.t~ it i~ probably mwed by the  
blow-out and reignition of local pockets of fuel-air  mixture, at or 
damstream of the flame holder, tha t  mmnentaxily exceed the c6mbwtible 
limits of fuel-alr ra t io .  !This type of burnfng appeam t o  be associated 
with  conf'iguratim ha-g uniform fuel-alr patterns and could probably 
be amid& o r  reduced in severity at i s i t i o n  by suitable  etratif ica%ion 
of the fuel. Runible w a ~  enoountered for a few oyoles upon ignftian and 
preceeding ei ther   r ich Qr lean blow-out f o r  practically a l l  the configu- 
rations used i n  the in-vestigation reported. .herein. Although no 



quantitative meam~ramsnte  were obtained in the  present  study, it is noted 
i n  ref a m c e  8 that pressure  pulsatioqs as high aa k9 pound8 per  square 
inch have been encountered in afterburner  operation, presumably during 
rumble. 

- 
- - 

. .  

Buzzing ie a term used t o  denote cabust ion which produces pressure 
pulsations of interpladiate  frequegcy on the order of' perhaps 10 t o  
50 cyclee  per second. Eigh-speed schlieren molki.on pict&es. of a two- 
dimem ional  ram-jet modal t r - ~ p ~ e n t . . - w a ~ ~ - . h a p _ f ,  "prop3iped an .under- 
standi= of. this type of instabi l i ty  as follows : 

- .~ 

. 1  . . .. 

- -  - " " . 
4 
N 

;tl 
(a) Upon $gnition, a flame front fa- out from each f-lame s tab i l izer  

and intemeote  either a w a l l  or  the flame front f r c a n  the adjacent f Lame 
stabilizerr at a point sams dletanae downstream. 

.. . . . . ... 

(b) A curved flame f ron t   s tmte  at the pgint .c$ intererection and 
trave& upetream with increaeing  velocity through the wedge-erhaped pocket 
of ccanbwtibles bounded by the intersecting flame frbnts. 

. ." 

(c) The curved f lams front progreases t o  a point samewhat upstream 
of the flame holder, whereupon ombustion oeaees . $he pressure puhe 
prduced by th i s  curved flame front nmmsntarily stops o r  reverses t h e  
direotion of flow of the g g  column. ." . 

i .. - .. - 

. * .  

. - . ". - 
(a) Followlw d i ~ e i p a t i o n  of the pressure pabe ,  the flow jB 

re-eetabliehed and a fresh charge of ccanbwtible  mixture displaces '&e 
burner charge,  whereupon ignition occurs & the cycle  repeats. 

.. . r .  

Pressure  puhatiuns of this type were encountered for all conflguratians 
in series A and B except at fuel-air r a t i o 8  above abm6 0.065. These 
pulsatiom. were usually of such severity  that  extreme damage t o  the aft-&-. "- 

burner structure ocourred when buzzing waer. al l&.  t o  pe r s i s t   mre  than 
a few -Utes.  Consequently, both series A and B configuratiom muet' be' 
regarded aa unsatisfaatory from an operational  viewpoint. It ahould be 
noted that  on- the three flame holdere sham  in figures 7(a), 7(b),  and. 
7(c) were used in   ser ies  A and B. Buzzing ccanbustion XBB a h o  encount&& 
wlth these f laJns holders in series C; however, the three-element flame 
holders sham in f igurea 7(d) and 7( e )  produced amooth cambuetion in 
series-C configuratims except  very near th;s le& bluw-out; condition. 
These flame holders were designed %a- avoid buzzing by reducing the vel- 
m e  of the wedge-ahaped r e g i m e  between adjacent f lmp sheets and may 
have operatea smoothly in seriee A and B had .they been t r ied .  ' 

. - . . . - . . . 

.. . - 
. .  

. .  

" . 

Screeching or screaming cm&ation I s  generally encountered at high 
burner-inlet  preseures when luw-velocity re-gion-such aa separation 
regions or wakes exfet in the fuel-mlxing zone.  Measurements from tX0 
130wces ahaw that ecresching cambustion occurs at frequencies Srm 1200 
t o  6000 cycles  per second. Thie type of cabustlori wak observed in the 

z 
. .  

. .  

-!! 
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study  reported  herefn, t o  exis t  on the surfaces of diffuser inner cones 

may occur on the lee side of ewport struts ar on the outer wall of the 
dfffuser. In the configmatiom whiah le3 t o  the development of the 
series-D  configurations, screeching wag obserVed a t  a l l  a l t i tudes up t o  
and including 35,000 feet ,  and severe damage occurred when it WBB allowed 
to continue f o r  more than  a few minutes. This type of a t a b i l i t y  w m  
believed t o  be due t o  the rapid  burning o r  detonation of small pockets 
of conibmtible mixtures along the upstream d g e  of a low-velooity  region 
fn w h i c h  more or lees stable  combuetion waa occurring. It WBB reasoned 
tb.at t h e  detonation of' these fringe pockets produced preasure pulee which 
delayed the introduction of a fresh charge. Followin@; the consumption of . 
the fuel and the dissipation of the  pressure-  pulse, a new charge flowed 
into t h e  detonation-susceptible regfan, whereupon detonation again 
occurred. mi6 concept of detonation is substantiated by the  high  values 
of flame speed reported in reference 9, where-flame  velocity was found t o  
increase from 500 feet pe r  second at a distance 5 inches upstream of the 
ignition  source b. .3000 feet.  per second 24 inches LQstream. Such flame 
velocities can probably  be  explained only on the  basis of detonation. 
These values ale0 imply a rather low velocity  near the flame holder where 
upstream  propagati.on. of . t h e  flame begins. 

- and evidence haEl been obtained in  other   inveet igat im to show that it 

In the development of the seriea-D  burners, two methods w e r e  used to 
eliminate the screech-. These m t h d ~  and the reasons f o r  their use 
were a~ follows : (1) Screeching w a s  .definitely due t o  the existence of 
a region of burning .(which t o  +e eye appear@. stalk) on the  surface of 
the  diffuser  inner cone immediately upstream o f r  the p i lo t  cone which 
probably serve3 as an igni-bion source. Conditione f o r  combustion were 
S U C ~  that  canbustion was easily supported at the downstream end of the 
inner cone, but the  location of the upstream edge ie be l i ewd t o  be deter- 
mined by- the lwal gas velocity.  Increming  the. loca l  approach velocity 
by proper aerdpemlc  design either t o  mo€d.f  low separation o r  t o  
increase the mean gas velocity would, P? increased enough, prevent the 
i n i t i a l  upstream flame propagation and hence el imiwte  the burning along 
t h b  surface. This method wa8 applied asd the marked fluccess achieved I 

served t o  support; the theory advanced. ( 2 )  Inasruuch ae t h e  pressure 
pulaatiom were attributed  to  irregularritiea in  the combustion at the 
upstream fringe of the  area, it seemed l ikely that the  provision of a 
stable f lams seat in  t h e  fringe m e a  w o u l d  eliminate the  pulsation8 . I n  
order to accar@lfsh th i s   a tab i l i ty ,  a step-type flame s e a t   w a ~  me5 on 
the diff us inner .cone. . Agafn the screeching urn e lh ipa ted .  In  
s e r i e s - D  configurations,  both  high approach velocities (method (1)) and 
stable flame seats (method (2)  ) were used. 

Shell coolfng. - As Shawn i n  f igme 3, .cooling air w a ~  passed mound 
*h.e burner shell throu@ a 1/2--ch annular space  beheen  the shell and 
the EIWOM. During mast of the invwtigation  counter-flw  cooling was 
used . a ~  a coneervakive t e s t  memm. A few rum w e r e  made, however, 
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with  parallel flow of the cooling air. Average 6hell'  temperatures at 
the daus t -nozz le  inlet are ahaim i n  ffgure 20 a8 a function of cooling- 
air mer4 Low r a t i o  for  both m e t h a .  A t  reaercrnable 'values of the 
cooling-flow ratio,  on the. order of 0.10, tmxperatures were excessive 
particularly for the more practical  psrallel.flow. As a result, oeramfc 
coatinm were- used Fn . a n  a f fo r t . . t o  r-educe shell temperatwee. 

Two t y p e  of ceramic coating6  were-applied t o   t h e  inaide of the 
burner she l l  t o  reduce shell  tmperaturels. The primarg p u r p a e  of both 
waa t o  reduce t h e  heat f Lux due $0. radiation by redwing the  absorptivity 
of the shell. Ln reference 10;Tt is- sharri that a coating of Uverite 
reduced the absorptikLty of a wall t o  about 0.10 of that for etainless 
steel at a w a l l  temperature of 1000° F and &bod 0.13 at  a w a l l  tempera- 
t u r e  of 1600' F. Uverite powder, TJhZch is cmpoeed of the  oxides of 
calcium, antimony, and titanium was mixed- wfth sodium e i l ica te  and painted 
on the   imide  of a .burner shellwhich' had been bla&-cleand with mtd- 
grit pa r t i c l e s   t o  remove m y  grease o r  other foreign material. Lnasmuch 
BB time  did  not  permit the reconmended bake period, the engine was 
operated without  a fh rburn ing  far about 1 hour t o  cure the  coating 
before the burner waa used. Perhaps a ~ -  a consequezice & ' t h e  improper 
bake treatment, the coating flaked off in Large are= ( f ig .  21) after 
only 8 few minutas of 'operation. In  the relatively  hot portion af th& 
burnez, f i e r e  the- &ell thermocouples wem -tailed, the coating ~ 8 8  
almost completely gone and no msamrabb  difference in ahel i  tempratwe 
wae obtained. 

Another approach t o   t h e  problem wa& the use of a 4-percent solutlan 
of ethyl silicate i n  the. &tarburner fuel, 736 mating of erilicon x88 
expected t o  flake bff cmtlnuall$ and be -FSplenfihd %?'plating-azt of" 
mom silicon fram.the fuel. AB erhm in figure 22, a heavy coating 
formed within the flame-holder gutters and -a-thin  frosty  coating formed 
on the  hotter portlone of the burner &ell. In-operation,  the iGfde crf 
the shell had a scm3what mi- erppearance- aS contraa-tsd to %he clear 
orange-red color &.%he uncoated shell. B e o d d  of.&@ burning Juet 
p r i o r   t o  running the .ethyl silicate, only four of the  original 16  ther- 
mocouples on the shell were operative wben the ethyl e i l i ca t e  w a ~  utrd. 
The indi-vidual readin- of these .four themcouples are shown i n  fig- 
ure 23 f o r  operation at identiaal ConditiozlEl before the ethyl s i l i c a t e  
was wed, wfiile it wa8 wed, and after its m e .  -1% appears from these 
data that the shell temperature wa8 reduc-ed about 100' F and also  that  
the coating w a ~  ef fec t ive   for  at lea% the  remainLng 15 minutes of burn- 
ing after running w e  resumsd on clear fuel. &dditional .data are 
required, however, t o  establi8h  the length of tFms during which t h b  
type of coating may be effective after operatLon w i t h  untreated fuel is 
resumed. 
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By provie  ion o f .  adequate f lame-holder blockage, long fusl mixing 
length ,  and low burner-inlet  velooities, and by careful mtohing of the 
fuel-injection  pattern  to the gas-f low pattern, pmformasce Etpproaching 
theoretical  values waa obtained w i t h  four series of bumiers having dif -  
ferent  diffueer fnner-cone configurations. For example, the maximum 
e ~ u a t - g a a  temperature obtained. we8 about 3900° X aa campared with a 
theoretical  maximum of sli@Ptly over 4000° R. SFmilarly, ab the  design 
pressure level of -2450 pounds per  square foot  absolute, afterburner cam- 
bastion  effioiency WBB at least  95 percent i n  the range of afterburner 
fuel-air  raticxr wbich produced maximum exhaust-gaa temperature. 

The requirements of low f u e l - u n  length and LaK burner-inlet 
velocity  conflict  with the requirements f o r  combustion etabi l i tg .   Sui t -  
able cambustion e t ab i l i t g  waa nevertheless achieved uith DRO configura- - 
tions over the entire operable  range of fll@t conditione br careful 
attention t o  the aerodynamic design of the diffuaer and careful  consider- 
ation of the camhastion characteri6tim of various f Lame-holder &ea-. 

Performance data with three fusle, MIL-F-5572, &EL-F-5616, and 
MIL-F-5624, were obtained at a nminal preasure level of 2450 pounds per 
square foot.  No effect  on performance was apparent. The ef‘fects of trim 
ceramio coatin-,  Uverite and silioan, on shell cooling were also 
studied briefly.  Becawe aP inadequate time f o r  p&paxation, the m e r i t e  
coating results were inconclusive; however, t he  addition of 4-percent 
e thyl   s i l i ca te  t o  the afterburner Rzel produced a coating which reduced 

- shell temperatures ab6ut 100’ F. 

Lewis Flight Propubion Laboratory 

Cleveland, Ohio 
National Advieory C a m i t t e e  for Aaronautice 
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APPENDIX - c a 1 m  

SYMBOIS 

The following syrabols are used i n  thia report : 

A cross  sectional area, eq f t  

B thrust-scale  reading, lb 

cv 
D Ecrternal drag of .fnsta_llation, lb 

Dr drag of e a a u s t  -nozzle B m e y  rake, lb . .  . - . . . .  " 

pJ 

" 

velocity  coefficient,  ratio of scale .  jet thruat to rake Jet thruEIt 

Je t  thrust, lb  

. . .  

" 

Q 

Ha 

P 

P 

R 

T 

t 

v 

W a  

wf 

wG 

f uel-afr rat i o  . . .  . - .  . - .  

accderation due t o  gravity, 32.2 it[!-& - 

t o t a l  enthalpy of a i r  or gas mixture, Btu/lb 

t o t a l  preeeure, Ib/sq f t  absolute - 
stat ic   presmre,  ~ b / s q  f t  absolute 

r a t io  of total-pressure lose a m o m  'Mterburner due to f r i c t ion  

. . .  . . .  . .  

heat..addition t o  in le t  *act pressure, (P5-P7)/P5-p5) 

g a ~  constant;, fi-lb/(lb) ( O R )  

t o t a l   t w e r a t u r e ,  OR .. 

s t a t i c   t ape ra tu re ,  41 
velocity,  ft/sec 

f u e l  flow, Ib/hr 

gaa flm, l b / m  
- . ,  

. .  

. . .  

.. 
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Y r a t i o  of specific  heate for gaees 

9 combustion efficiency 

N 
Ip 
N 

.x t o t a l  enthalpy of fuel, Btu/lb 

Subscripts : 

a 

ab 

e 

f 

i 

J 

n 

B 

x 

0 

1 

5 

7 

air 

dterburner  

engine 

fuel 

indicated 

Jet 

s&aust-nozzle exit 

scale 

Inlet duct at fr ic t ionleas  s l i p  Joint 

free-stream  conditfone 

engine-inlet  duct 

dterburner  inlet (turbine  outlet ) 

edmust nozzle, 2 inches upetrem of water-cooled nozzle- 
extension outlet  

Methods of (salculation 

Tanperatures. - Sta t i c  temperatures were  determined  from thermocou- 
ple  indicated temperatures w i t h  the following relation: 
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t =  

w!here 0.85 IB the impact recovery factor  for the type of thermocouple 
wed. Tot& temperatures were.detemnined by the ad iaba t ic   re la tbn  
between temgeratures asd pressures. 

Airspeed. - The-equivalent  airspeed-uas calculated from ram-pressure 
r a t io  by the  following equation with complete pressure recovery at the 

temperature 
equation : 

G ~ B  flow. - The t o t a l  w e i g h t  flow of fuel and air through the engine 
and afterburner w-m calculated 88 f o l l m  : 

Apterburner fuel-air ratio. - The af'terburnar fuel-air  r a t i o  ie 
defined ~ E I  the r a t io  of the weight flow of fugl Injected in   the  after- 
burner t o  t he  weight  flow of unburned air entering the afterburner from 
the engine. Weight f l a r  of unburned air ww -determised by assuming that 
the fuel injected in the engine was c w l e t e l y  burned= This a ~ l e ~ t i o n  
of 100-percent cmbwtion  efficiency  in the engine resul ts  fn only a 
small error fn afterburner  fuel-air  ratio because the engine xas opera- 
ted where ye is lrnown t o  be high.  Afterburner fuel-air   ra t io  WBE] cal- 
culated f r a n  the equation: . .  

'f , ab 
(' /a)ab 

Wf  ,e 
3600 wa,l - 0.067 

.. 

- ." 
. .  

" 

rl 
(u 
d eu 

. 

. 

where -0.067 l a  the stoichiometric  fuel-air  ratio for the engine fuel.  
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maust -gas  total tenperatme. -  he t o t a l  tenperatme of ~e eaauet  
gas WBB calculated from the &aust-nozzle outlet total preeeure, e ~ a l e  
Je t  thrust, velocity coefficient, and gae flow by meane of the following 
equation: f 

i 
Values of the gas constant R were determined frcm t h e  fuel-air ratio 
and the hydrogen-csrbon r a t i o  of tihe fuel according t o  the method of 
reference ll. The velocity  coefficient %, 'WhFch is defined as the 
r a t i o  of scale   je t  thrust t o  rake j e t  thrust, WBB determined to be 0.97 
from data presented i n  reference 12. 

Combustion efficiencg. - Afterburner ca@ustion eff icienoy aa pre- 
eented In this report is defined a6 the actual enthalpy r i s e  t h r o w  the 
afterburnep t o  the enthalpy rim that could be obtained w-ith the theoret- 
i c a l  maximum exhauet-gaa temperatum determined by the method of refer- 
ence 6. T h i s  reference prov-idee chaZ"t8 f o r  determining the temperature 
obtaimible w i t h  ideal  combustion including the effects of dissocistion. 
This temperature is based on fuel-air  ratio, burner i n l e t  temperature, 
hydrogen-carbon r a t io  & . the  fuel,  lower heating  value of the  fuel, and 
the products of.  'combustion f r o m  t h e   i n i t i a l  burning process i n  the 
eng+e canbustors. 

" 

The actual  fncreaae in enthalpy througfi the afterburner is e x p ~ ~ ~ l ~ e d  
0s 

where the enthalpy valuee at -station 7 are based on the actual exhaust 
gas t e q p e r a t 6 s  from equation (6).  The maximum enthalpy r i s e  obtain- 
able is determined from the pr&&ing re lat ion w i t h  enthalpy values at 
station 7 baaed on the theoretical m@mum exhamt-gas temperature. The 
resulting expression f o r  c d w t i o n  efficiency is therefore: 



The enthalpies of the products o f  cwibuetl.m.were  determined Srom 
temperature-enthalpy charts for a i r  and from tean;perature-enthalppy chart6 
f o r  fuels having the same hydrogen-carbon rat ios  a8 the fuels used i n  
t h b  inmstigatim (see reference 13). The charts used for obtaining 
fuel enthalpies were based on a fuel-inlet  tap3rature of 80° F. 

The last two terms of thb expression repretent the nmznsntum and preersurs 
forces on .t;ple imta l l a t ion  at the s l i p  joint $n the Inlet -air duct. 
External drag of' the W t d l a t i o n  waa determined w i t h  the engine inoper- 
at ive and the drag of tihe water9ooled exhauat-nozzle gurvey rake w w  
maawed by an ab-balance piaton meahmiem. 

Scale net thrust wat3 obtained by subtract&@; t h e  equivalent free- 
stream mom.entum of the inlet a t r  .from the scale jet thruet . 

N o m 1  engine thru8t. - N o m 1  engine thruflt is the  theoretical 
thrust tha t  would be obtained w i t h  the engine and a standard  engine t a i l  
pipe equipped w i t h  a nozzle of a sizs that gives the sane turbine-outlet 
pressurea Etnd temperatures aa were encountered with  afterburning der 
the same flight conditiona. The normal thruet of the engine wa8 calcu- 
lated frammeasurements during the afterburning program of' total  pressure 
and temperature at the' turbine  outlet and gas flow at the  turbine  outlet 
and also from previ-omly determined total-wessure loss across  the stan-. 
dard t a i l  pipe. . .. .. . I  . .  . . .  

r 

A value of unity was aesumed for the velocity ooefflcient % wed in 
equation (10). Erperlmental data Indicated that the total-pressure loas 
through the.  standard t a i l  pipe wzm appr6xDmtel.y 0.01 P5 at rated 
engine speed. 

. , . . . - . . 

. .. 

. .. 
. .. 
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I 
(a) Series A. ... 

. . .  " 
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I 

a 

(a) Optimum pattern for series A; Diameter-of all holes, 0.0225 inches. 

0 n v 
- 4  

- " - . .  

(b) Optinum pattern for,.&eries B.. Dleetey-of-all holes, 0.0225 inches. 

Figure 6. - Details of optimran fuel-distribution patterm for 
series A, B, C, and D.' (All dimeeeiod In Inches..) 

. --- 1- ". ., . . . .  . 
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(c) 0ptiIm.m pattern f o r  se-ees C, Diameter 09 all- holes, 0 . O E  inches. 

- -  A 

29 

(d) Optimum pattern for-series D. DLameter of a l l  holes, 0.025 inches. 

Figure 6. - Concluded. -€ails of optima fuel-distribution  patterns for 
series A, B, C, and D. (All dimensions i n  inches.) 
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(a) F b e  holder l~ blockage, 40 percent. 

Figure 7. - Jh’caile Of fhme holders used on series A, B, and C. 
(All dimeneions in Inches.) 

c 



A 

(b) Flame laolder 23 blochge,. 38.percent. 

Figure 7. - Continued. Details of flame holders used on 
series AI By and C. (All dimensions in inches. 1 

31 
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(c) Flame holder 31 blockage,,37  percent.. . 

Figure 7. - Continued.. DeWla of fXme Mlders used OP . . . -. . . - . - " - . .  

series A, B, and C. (All dimenslone in inches. ) 
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(e) F a  holder 51 blockage, 37- percent. 

Figure 7. - @ncluded. Details of. fl.%nu= holders used .on 
series A, B, and C. k U  dimenelone in inches.) 



(a) Flame holder 6. 

(a) Flame holder 7. 

-597 
(c 1 Flame holder 8. 

Figure 8. - Details of f l h e  holders used with series D. 
(All dimensions in inches. 1 
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* 90 

.80 

.70 

(a) Afterburner comliuetion efficiency. 

Afterburner  fuel-air ratio, (f/a)ab 

(b) Exhaust-gas total temperat.gre. . . . 

. " . . . .. . - . 1 - " 

Figure 10. - Perfomnce'obtaibed with best configuration in series A. - 
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. ." 
(a) Afterburner  combustion efficiency. 

Afterburner fuel-sir ra t io ,  (f/a),b 

(b) Bust-gas total temperature. 

Figure U. - Performance obtained with beat conflguration in series B. - 
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.90 
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(a) Afterburner- combustion efficiency. 

Afterburner fuel-* .ratio; (f/a),b 

(b) Exhaust-gas total teyprature. 

Figure 12. - P e y f o m c e  obtained with best .  configuration i n  series C 
at burner-inlet pre~.sure- of 2450 p o ~ ~ &  per'sqGri?. foot absolute.. 



6L HACA RM E5U;07 

4200 . 

3800 

340G - 

3000 . 

?03 

41 

(a> Afterburner combustion efficiency. 

(b) Exhaust-gas total temperature. 

Figure 13. - €krformance obtained wTth best  configuration i n  series D. 
. . -  
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1.00 

4 .80 
(a)  Afterburner copibustion efficiency. 

Afterburner fuel-air  ratio, (f/a),b 

(b) Exhaust-gas total, temperature. 

Figure 14. - Performance .obtained with best confJ.watiops i.n s,+-es A, B, C!, and D 
at burner-idlet  pressure of 2450 pOiinas pqr squai.e. foot absolute." 

, .  *- - 
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.70 

(a) Afterburner combustion  efficiency. 

(b) Exhaust-gas total temperature. 

Figure 15. - Performance obtained d t h  best configurations in 

of 925 pounds per square foot absolute. 
series A, B, and D at burne5llnlet pressure 

43 



44 NACA RM ESlLCl7 . .  

Series 
0 A 
0 B 
A c !  
O D  

.. 

. .o 

.8 

.6 
.03 .04 -06 . .... . -07 . . .. . .W.  . .O?. . ..: . 

z 0 
3 

Afterburner  fuel-air ratio, (f/a),b 

(a)  Afterburner  pressure-lose  characteristics. 

Afterburner total-pressure loss 
Afterburner-inlet  impact  pressure' q 

(b) Effect of afterburner  pressure-lose  characteristics on augmented 
thrmt ratioj  turbine-outlet  .temperature, 1660° Rj exhaust-gaa 
total temperature, S900° RJ altitude, 25,000 feetj flight Mach 
number, 0.92. 

FFmre 16. - Afterburn-, presswe-1os.s ~ ~ ~ c t e r i e ~ t l x s .  . a n d  -effect .on 
augmented  net-thrust  ratio. 

" 

.. . 

. . ." - 
- " 
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3800 

2200 

(a) Augmented net thrust. 

3 - 
" 

2 
.03 . :04 .. , - .Os .06. .07 "08 -09 

Afterburner fuel-atr  ratio, (f/a),b 

(b) Specific fuel consumption. 

Figure 17. - Comparison of @erfonaasce obtained  with confi&tion D and performance 
. theoretically  possible a t  burner-inlet pressure of 2450 pain& per square foot 
absolute.  Altitude, 25,000 feet; flight Mach number, 0.92. 
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0 Outlet with vortex 

0 Gutlet without vortex 
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4200 

3800 

3400 

.06 -07 .08 

1 I I 0 MIL-F-5616 ’ 

.04 .OS .06 
Afterburner  fiel-sir ratio, ( f /a),b 

(a) Comparison of MIL-F-5616 (b) Comparison 00 MIL-P-5616 
a,n& MIL-F-5572 fuels. and MU;-F-5624 fuels. 

Figure 19. - Effect of fuel type on performance of. two 
series C configurations. 
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1800 L 
.06 .07 .08 .09 .10 .11 .12 

lifase-flow ratio, wB,c/Hg,8 

Figure 20. - Comparison of average shell temperatures obtained with 
munter-flow and parallel-flow cooling fop mean exhsust -gas 
tempersture of 3800' R. 
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